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In response to excessive light, the thylakoid membranes of higher plant chloroplasts
show dynamic changes including the degradation and reassembly of proteins, a change
in the distribution of proteins, and large-scale structural changes such as unstacking
of the grana. Here, we examined the aggregation of light-harvesting chlorophyll-protein
complexes and Photosystem II core subunits of spinach thylakoid membranes under light
stress with 77K chlorophyll ﬂuorescence; aggregation of these proteins was found to
proceed with increasing light intensity. Measurement of changes in the ﬂuidity of thylakoid
membranes with ﬂuorescence polarization of diphenylhexatriene showed that membrane
ﬂuidity increased at a light intensity of 500–1,000 μmol photons m−2 s−1, and decreased
at very high light intensity (1,500 2μmol photons m− s−1). The aggregation of light-
harvesting complexes at moderately high light intensity is known to be reversible, while
that of Photosystem II core subunits at extremely high light intensity is irreversible. It is
likely that the reversibility of protein aggregation is closely related to membrane ﬂuidity:
increases in ﬂuidity should stimulate reversible protein aggregation, whereas irreversible
protein aggregation might decrease membrane ﬂuidity. When spinach leaves were pre-
illuminated with moderately high light intensity, the qE component of non-photochemical
quenching and the optimum quantum yield of Photosystem II increased, indicating that
Photosystem II/light-harvesting complexes rearranged in the thylakoid membranes to
optimize Photosystem II activity. Transmission electron microscopy revealed that the
thylakoids underwent partial unstacking under these light stress conditions. Thus, protein
aggregation is involved in thylakoid dynamics and regulates photochemical reactions,
thereby deciding the fate of Photosystem II.
Keywords: Photosystem II, protein aggregation, non-photochemical quenching, photoinhibition, lipid peroxidation,
membrane dynamics, thylakoid unstacking, quality control mechanism
INTRODUCTION
Photosynthesis has a well-known light intensity vs. activity proﬁle
(Taiz and Zeiger, 2006). Under low light, the rate of photosyn-
thesis increases in proportion to light intensity, and the excitation
energy captured by light-harvesting antennas is efﬁciently trans-
ferred to the reaction centers of Photosystems I (PSI) and II (PSII).
As the light intensity increases, the rate of photosynthesis gradu-
ally decreases and reaches a plateau where no further increase in
photosynthesis is seen. AlthoughPSII can be photodamaged at this
stage it is quickly repaired, so that the damage and repair of PSII
are balanced. With increasing light intensity, PSII avoids stress by
dissipating the excessive light energy as heat.
Energy-dependent quenching (qE; Birantais et al., 1980) is
a major component of non-photochemical quenching (NPQ)
of chlorophyll ﬂuorescence (Genty et al., 1989), and is acti-
vated by acidiﬁcation of the thylakoid lumen attained through
H+ uptake into the lumen coupled with electron transport
(Birantais et al., 1980). This luminal acidiﬁcation activates violax-
anthin de-epoxidase (Yamamoto and Kamite, 1972), which causes
de-epoxidation of the xanthophyll cycle carotenoid violaxanthin
(Vio) to zeaxanthin (Zea) in light-harvesting complex (LHC) II
(Demmig-Adams, 1990). The PsbS protein (Li et al., 2000), a
transmembrane protein, is activated by the acidity of the thy-
lakoid lumen and induces conformational changes and reversible
aggregation of LHCII (Horton et al., 1996), although its exact
location and function are not revealed yet. Thus, the aggre-
gates of LHCII that are generated and stabilized by Zea are
crucial for quenching excess energy and avoiding the risk of PSII
over-excitation.
When the light intensity increases further, themaximum quan-
tum efﬁciency of photosynthesis, as measured by chlorophyll
ﬂuorescence Fv/Fm, declines signiﬁcantly. At this stage, pho-
toinhibition prevails over protection and repair, and PSII is in
a typical photodamaging state where degradation of the damaged
D1 protein takes place (Barber and Andersson, 1992; Aro et al.,
1993). Irreversible aggregation or cross-linking of the photodam-
aged reaction center-binding D1 protein also occurs (Mori and
Yamamoto, 1992; Mori et al., 1995; Yamamoto and Akasaka, 1995;
www.frontiersin.org October 2013 | Volume 4 | Article 433 | 1
“fpls-04-00433” — 2013/10/27 — 17:27 — page 2 — #2
Yamamoto et al. Excessive light-induced protein aggregation
Ishikawa et al., 1999;Yamamoto,2001;Yamamoto et al., 2008; Kha-
toon et al., 2009; Chan et al., 2012). The irreversible aggregation of
the D1 protein is ascribed to the covalent cross-linking of the pro-
tein with nearby polypeptides after photooxidative damage to the
D1 protein under light stress. Thus far, three cross-linked products
of the D1 protein have been identiﬁed: the cross-linked products
between D1 and D2 (Yamamoto et al., 2008), those between D1
and the α-subunit of cytochrome b559(Barbato et al., 1995), and
those between D1 and the core antenna chlorophyll binding pro-
tein CP43 (Yamamoto and Akasaka, 1995; Yamamoto et al., 2008).
These cross-linked products are formed through photoinhibition
of PSII via both donor-side and acceptor-side photoinhibition
mechanisms, and are seen both in vitro and in vivo (Ohira et al.,
2005). Once the cross-linked products are formed in the thy-
lakoids, it is difﬁcult to remove them by proteases, although some
stromal protease(s) are able to degrade them (Ishikawa et al., 1999;
Ferjani et al., 2001). Similar cross-linked products of the D1 pro-
tein were also observed in cyanobacterial thylakoids exposed to
high light intensity (Lupinkova and Komenda, 2004). Thus, it is
likely that cross-linking of the D1 protein with neighboring pro-
teins is a general occurrence in oxygenic photosynthetic organisms
subjected to excessive light.
Here, we carried out excessive illumination of spinach leaves or
thylakoids andmeasuredprotein aggregationwith 77Kchlorophyll
ﬂuorescence, the qE of NPQ with pulse-amplitude-modulation
(PAM) chlorophyll ﬂuorometry, and membrane ﬂuidity by ﬂu-
orescence polarization of diphenylhexatriene (DPH). Samples
were illuminated at various light intensities to more comprehen-
sively understand the physiological meanings of protein aggre-
gation under light stress. We also observed structural changes
of thylakoids under light stress by TEM. These experiments
enabled us to understand the nature of dynamic changes in
the proteins, lipids, and thylakoid membranes under excessive
illumination.
MATERIALS AND METHODS
SAMPLE PREPARATION AND PRE-ILLUMINATION CONDITIONS
Fresh spinach leaves were purchased from a local market in
Okayama, Japan, and kept at 4◦C in the dark roomwith a sufﬁcient
water supply to the roots before use. Intact thylakoid membranes
were prepared as previously described (Yamamoto et al., 2004),
with the omission of Na-ascorbate from the grinding medium
to avoid its effects on the observation of protein photodamage.
The thylakoid membranes were suspended in a buffer solution
containing 0.1 M sorbitol, 15 mM NaCl, 5 mM MgCl2, 30%
(v/v) ethylene glycol, and 50 mM Tricine-KOH pH 7.5 (solu-
tion A), frozen in liquid nitrogen and stored at −80◦C until
use. For all experiments, samples were washed once and sus-
pended in solution A without ethylene glycol (solution B). All
procedures were carried out in darkness under a green safe light.
Chlorophyll concentrations were determined using an 80% ace-
tone extract and a U-3900 spectrophotometer (Hitachi, Tokyo,
Japan).
Pre-illumination of spinach leaves was performed with white
light from a tungsten-halogen light source (LA-180Me-R,Hayashi,
Japan), which was ﬁltered through a ﬂat glass bottle con-
taining CuSO4 solution to absorb heat from the light source.
Light intensity was measured with a LI-189 photometer (LI-
COR, Lincoln, NE, USA). For pre-illumination of the thy-
lakoids, samples were adjusted to 0.1 mg chlorophyll mL−1,
placed in 0.5 mL transparent plastic tubes and incubated under
illumination with white light and various light intensities in
a thermostatic water bath at 20◦C. The pre-illumination was
terminated by transferring the plastic tubes to an ice bath in
the dark.
MEASUREMENT OF CHLOROPHYLL PROTEIN AGGREGATION
Aggregation of chlorophyll-binding proteins was examined by
measuring chlorophyll ﬂuorescence emission spectra at 77K.
Spinach thylakoids were suspended in solution B at chlorophyll
concentrations of 0.01 mg chlorophyll mL−1 and frozen in liq-
uid nitrogen. Fluorescence was measured with a ﬂuorescence
spectrophotometer (Jasco FP-8300, Japan) equipped with a low
temperature unit. The excitation wavelength was 435 nm with a
20nmbandwidth,while the emissionwavelengthwas 650–750nm
with a 2.5 nm band width. Curve ﬁtting analysis was carried out
with JASCO software SpectraManager attached to the instrument.
The sixmain components were identiﬁed according to Stoitchkova
et al. (2006), and are referred to as F680 (peak, 681 nm; half band
width, 10.1 nm), F685 (peak, 685 nm; half band width, 9.3 nm),
F695 (peak, 693nm; half bandwidth, 9.2 nm), F700 (peak, 700nm;
half band width, 15.8 nm), F720 (peak 720 nm; half band width,
21.9 nm), and F735 (peak 735 nm; half band width 23.4 nm).
They correspond to the ﬂuorescence maxima of the trimeric and
monomeric forms of LHCII, the PSII reaction center complex, the
core antenna complex of PSII, the aggregated trimers of LHCII,
the core complexes of PSI, and LHCI, respectively.
ANALYSIS OF PSII ACTIVITY AND qE OF NPQ
Chlorophyll ﬂuorescence parameters Fv/Fm, NPQ, and qE were
measured with a Mini-PAM chlorophyll ﬂuorometer (Walz, Effel-
trich, Germany). Prior to the measurements, spinach leaves were
kept at 4◦C in the dark for 2 h. For the Fv/Fm measurement,
leaves were illuminated with white light of given light intensities
for 1 h at various temperatures from 4 to 40◦C (the light samples),
and were then incubated in the dark for 10 min at 20◦C before
measurement. The dark control samples were incubated for 1 h
in the dark. For the measurements of NPQ and qE, leaves were
illuminated at given light intensities at 20◦C for 20 min (the light
sample), while the dark samples were incubated in the dark at
20◦C for 20 min. The leaves were then incubated in the dark for
5 min and subjected to ﬂuorescence measurement.
MEASUREMENT OF MEMBRANE FLUIDITY
Three micromolar DPH was added to the thylakoid suspension
containing 0.01 mg chlorophyll mL−1, and the mixture was
incubated for 5 min at 20◦C in the dark. Fluorescence polariza-
tion was measured with a JASCO ﬂuorescence spectrophotometer
(FP-8300) equipped with an automatic ﬂuorescence polarization
measuring unit (FDP-837) and a temperature controller (EHC-
813). The excitation and emission wavelengths were 360 and
430 nm, respectively, and the band widths of excitation and emis-
sion were 5 nm and 20 nm, respectively. The temperature was
increased from 5 to 40◦C at a rate of 5◦C min−1.
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ELECTRON MICROSCOPY
The spinach leaves were kept in the dark overnight at 15◦C and
used for the dark control samples. The light stressed samples
were obtained from leaves illuminated for 1 h with white light
(light intensity: 1,500 μmol photons m−2 s−1) after adapta-
tion to the dark. The dark and light-treated leaves were cut into
1× 3mm fragments, pre-ﬁxed in 3% paraformaldehyde and 2.5%
glutaraldehyde, and post-ﬁxed with 1% OsO4. After embedding
in plain resin, the samples were thin-sectioned into 70 nm-thick
samples with an ultramicrotome (Leica EMUC7,Germany). Elec-
tron micrographs were obtained with a transmission electron
microscope (Hitachi H-7650).
RESULTS
MEASUREMENT OF PROTEIN AGGREGATION BY 77K CHLOROPHYLL
FLUORESCENCE
The formation of LHCII aggregates under excessive illumination
has previously been monitored by 77K chlorophyll ﬂuorescence
emission spectra (Ruban and Horton, 1992; Stoitchkova et al.,
2006; Haferkamp et al., 2010). We carried out the same mea-
surement of 77K chlorophyll emission spectra using spinach
thylakoids pre-illuminated with excessive light of various intensi-
ties. Through a curve ﬁtting analysis, we determined the amplitude
of simple Gaussian curves representing ﬂuorescence emission
peaks of the aggregated trimers of LHCII at 700 nm (F700), and
free trimeric and monomeric forms of LHCII at 680 nm (F680;
Figure 1A). LHCII aggregation brought about an increase in the
ratio of F700:F680 at 77K (Figure 1B). We also determined the
ratios of F680, F685, F695, and F700 to F720 (Figure 1C), assum-
ing that the level of F720 representing ﬂuorescence from the core
complex of PSI is constant over the light intensities examined. The
increase in the ratio of F700:F680 aswell as that of F700:F690under
excessive light conditions indicates an increase in LHCII aggrega-
tion, while the decrease in F680:F690, F685:F690, and F695:F690
suggests a decrease in the level of chlorophyll ﬂuorescence caused
by aggregation of related proteins.
MEASUREMENT OF THYLAKOID MEMBRANE FLUIDITY
We observed changes in the membrane ﬂuidity of spinach thy-
lakoids caused by illumination using DPH ﬂuorescence polar-
ization measurements. DPH is a popular ﬂuorescence probe
that associates with the hydrophobic region of membranes
(Figure 2A). A detailed theoretical background of DPH usage
has been given previously (Lentz, 1989; Franova et al., 2010). It
is widely used to monitor membrane ﬂuidity and the ordering of
lipid acyl chains. We ﬁrst measured changes in membrane ﬂu-
idity according to the incubation temperature of the thylakoids
(Figure 2B). As expected, decreases in p-values reﬂecting increases
FIGURE 1 | Chlorophyll fluorescence emission spectra of spinach
thylakoids at 77K. (A) A typical ﬂuorescence emission spectrum with
Gaussian decompositions from thylakoids kept in the dark. The six main
components were identiﬁed as F680 (peak, 681 nm), F685 (peak, 685 nm),
F695 (peak, 693 nm), F700 (peak, 700 nm), F720 (peak 720 nm), and F735
(peak 735 nm). They correspond to the ﬂuorescence maxima of the trimeric
and monomeric forms of LHCII, the PSII reaction center complex, the core
antenna complex of PSII, the aggregated trimers of LHCII, the core complex
of PSI, and LHCI, respectively. (B)The ratio of F700:F680 at various light
intensities. The increase in the ratio under excessive light indicates the
conversion of free LHCIIs to aggregated ones. The data are the means of
three independent measurements ± S.D. (C)The ratios of F680:F720 (blue),
F685:F720 (red), F695:F720 (green), and F700:F720 (purple) at various light
intensities. The light-induced decrease in F680:F720 and increase in
F700:F720 indicate LHCII aggregation, while decrease in F685:F720 and
F695:F720 suggests aggregation between the D1 protein and CP43.We
assumed that the level of F720 is constant at various light intensities. The
data are the means of three independent measurements ± S.D.
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FIGURE 2 | Assay of the membrane fluidity of spinach thylakoids
with fluorescence polarization of diphenylhexatriene (DPH). (A) The
chemical structure of DPH. (B) The p-values of DPH ﬂuorescence
polarization in thylakoids incubated at different temperatures from 5 to
40◦C. Three different colors indicate three independent measurements.
The increase and decrease in the p-value indicate a decrease and
increase in membrane ﬂuidity, respectively. (C) The p-values of DPH
ﬂuorescence polarization in thylakoids illuminated with white light of
different intensities at 20◦C. The data are the means of three
independent measurements ± S.D.
in membrane ﬂuidity were observed when the incubation tem-
perature was increased from 5 to 40◦C. Next, we examined
the effects of excessive light on the p-value (Figure 2C). We
detected a decrease in p-value, representing an increase in mem-
brane ﬂuidity at moderately high light conditions (light intensity:
500–1,000 μmol photons m−2 s−1), while the p-value increased
at extremely high light conditions (light intensity: 1,500 μmol
photons m−2 s−1) reﬂecting a decrease in membrane ﬂuidity.
MEASUREMENTS OF Fv/Fm, NPQ, AND qE
We observed an increase in the optimumquantum yield of PSII, as
measured by chlorophyll ﬂuorescence Fv/Fm, in the spinach leaves
that were pre-illuminated with moderately high light for a short
period (Figures 3A,B). This was not seen at 4◦C. Pre-illumination
at 20◦C also induced an increase in qE in preilluminated leaves
compared with dark-adapted leaves (Figures 3A,C). These data
are consistent with the view that moderate light stress causes
mobilization of PSII and LHCII complexes in the grana, thereby
maintaining or increasing the efﬁciency of the PSII reaction.
By contrast, prolonged illumination with higher light intensities
decreased Fv/Fm as a result of photoinhibition.
Adecrease in the chlorophyll ﬂuorescence Fv/Fmalways accom-
panies the photoinhibition of PSII. The decrease in the chlorophyll
ﬂuorescence yield may partially be caused by aggregation of the
reaction-center binding proteins and the core antenna chlorophyll
binding proteins induced by excessive light. In the curve analysis
of 77K chlorophyll ﬂuorescence emission spectra, we observed a
decrease in ﬂuorescence components emitting at 685 nm (F685)
and 695 nm (F695), which is attributable to the ﬂuorescence from
the reaction center complex and the core antenna complexes of
PSII, respectively (Stoitchkova et al., 2006; Figure 1). The aggre-
gation of D1 and CP43, demonstrated previously by western blot
analysis to occur under severe light stress (Yamamoto et al., 2008),
may be involved in the decrease in F685 and F695.
LARGE-SCALE STRUCTURAL CHANGES OF THYLAKOIDS UNDER LIGHT
STRESS
Structural changes of thylakoids occur not only at amolecular level
but also on a larger scale. We previously observed strong light-
induced unstacking of the grana in vitro using isolated spinach
thylakoids (Khatoon et al., 2009), where membrane stacking and
unstacking were estimated by measuring the chlorophyll content
in heavy fractions representing the grana, after fractionation of the
grana and stroma thylakoids by digitonin treatment and low speed
centrifugation (Chow et al., 1980). Digitonin is a non-ionic deter-
gent effective in separating the grana from the stroma thylakoids.
Using this method, we observed that strong illumination induces
a decrease in the grana fraction, so concluded that the grana show
unstacking under light stress (Figure 4A). However, there may be
other possible explanations. Light-induced shrinkage of the grana
should also decrease the amount of pellet that results from cen-
trifugationof digitonin-treated thylakoids. Light-inducedbending
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FIGURE 3 | Effects of pre-illumination of spinach leaves on
chlorophyll fluorescence parameters Fv/Fm, NPQ, and qE. These
parameters were measured with a Mini-PAM chlorophyll ﬂuorometer
(Walz, Germany). (A) A typical time course of ﬂuorescence
measurement for NPQ and qE. The light intensity of the continuous
illumination was 600 μmol photons m−2 s−1, and during the
illumination several saturating ﬂashes were given to estimate the
formation of qE. After continuous illumination, another series of
saturating ﬂashes was given to the sample and the ﬂuorescence
intensity induced by the ﬂash at the 4 min point in the dark
period was used to calculate qE. (B) The effects of pre-illumination
of spinach leaves at various temperatures on Fv/Fm. The data are
the means of three independent measurements ± S.D. (C) The
effects of pre-illumination of spinach leaves at 20 ◦C on NPQ and
qE. The data are the means of three independent
measurements ± S.D.
of the stromal thylakoids outward, corresponding to a partial
unstacking of the thylakoids, may result in an increase in grana
margins and a decrease in the grana core.
To more directly observe structural changes in the grana under
light stress, we examined spinach thylakoid membranes using
TEM (Figure 4B). As the chemical ﬁxation of isolated spinach
thylakoids may cause various artifacts, we used spinach leaves
instead. Outward-bending of the stromal thylakoids was observed
after strong illumination (light intensity: 1,500μmolphotonsm−2
s−1) of the spinach leaves for 1 h. Accordingly, the size of the grana
core appeared to be reduced after strong illumination.
DISCUSSION
PROTEIN AGGREGATION
Among the components that emit chlorophyll ﬂuorescence at 77K,
F700 was shown to be directly related to LHCII aggregation. The
behavior of F700 in response to the acidic luminal pH and addition
of antimycin A, which inhibits qE, showed that qE is stimulated or
inhibited by the enhancement or disruption of LHCII aggregation,
respectively (Horton et al., 1991). We detected an increase in F700
under illumination of the thylakoids with excessive light over a
wide range of light intensities from 500 to 1,500 μmol photons
m−2 s−1 (Figure 1). It is interesting to note that F680, 685, and
695 decreased with increased light intensity, conﬁrming that the
reaction center binding D1 protein and core antenna chlorophyll
binding protein CP43 form irreversible aggregates under strong
illumination (Yamamoto, 2001; Yamamoto et al., 2008).
In the measurement of reversible aggregation of LHCII by
linear and circular dichroism spectroscopy, changes in the con-
formation of chlorophylls a and b, and xanthophyll molecules
were suggested (Ruban et al., 1997). It is likely that the Zea
molecules in aggregated LHCII adopt a particular orientation
suitable for the dissipation of excessive excitation. However,
we do not know whether this stabilizes the aggregated LHCII
or directly participates in the quenching process. It was sug-
gested that Zea directly quenches the excessive singlet excitation
energy of chlorophyll a (Frank et al., 2000), while the results
obtained by an in vitro study suggest that qE is generated when
Zea induces LHCII aggregation (Gruszecki et al., 2006). Recent
reconstitution experiments with liposomes containing LHCII,
Zea, and PsbS support a positive role for all these compo-
nents in qE (Wilk et al., 2013). Although LHCP aggregation
in the qE mechanism is well documented through extensive
studies, the exact physiological meanings of LHCII aggregation
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FIGURE 4 | Changes in thylakoid stacking in the chloroplasts after
strong illumination of spinach leaves. (A) A diagram showing
possible structural changes in the grana after illumination. Models A,
B and C correspond to light-induced unstacking of the grana,
shrinkage of the grana and bending of the stromal thylakoids
outward. (B) Electron micrographs obtained by TEM. Model C in
(A), which shows partial thylakoid unstacking, ﬁts best with the
present results.
are still not completely clear (Duffy et al., 2013). By contrast,
the mechanism of formation and physiological meanings of
irreversible protein aggregation under severe light stress have
been more clearly elucidated (Yamamoto, 2001; Yamamoto et al.,
2008).
MOLECULAR CROWDING IN THE THYLAKOID MEMBRANES
The thylakoid membranes are crowded with proteins and protein
complexes, such that lateral diffusion of these components is con-
siderably restricted (Kirchhoff et al., 2008a,b). The crowded con-
ditions are most typically seen in the grana regions of higher plant
chloroplastswhere the PSII complexes are enriched and sometimes
show highly packed semi-crystalline arrays (Johnson et al., 2011).
The thylakoids have to respond to incident light to efﬁciently cap-
ture light energy when the light is relatively weak and behave
appropriately when the light is excessive. Thus, a suitable “crowd
control mechanism” must work to optimize the photochemical
reactions. The most important process in this is likely to be regu-
lation of the lateral diffusion of PSII/LHCII supercomplexes and
other related components on the thylakoids under ﬂuctuating light
conditions in the natural environment. In the grana thylakoids,
overcrowded PSII/LHCII complexes may cause unnecessary over-
lap or aggregation of antenna complexes, thereby decreasing
the efﬁciency of excitation energy trapping. Overcrowding also
prevents the smooth movement of protein molecules on the
membranes. By contrast, dilution of the PSII/LHCII supercom-
plexes in the thylakoids was shown to induce partial dissociation
of minor LHCII complexes from the supercomplexes, leading
to inefﬁcient excitation trapping and transfer (Haferkamp et al.,
2010). These data demonstrated that a suitable packing den-
sity of the PSII, as is realized in the natural grana, is important
for efﬁcient energy transfer from the antenna to the reaction
center.
MOBILE LIPIDS IN THE THYLAKOIDS AND CHANGES IN THE
ORGANIZATION OF PHOTOSYSTEM II AND LHCII UPON EXCESSIVE
ILLUMINATION
Lipids are known to change the degree of saturation of con-
stituent fatty acids, depending on the ambient temperature. This
enables intrinsic proteins and lipid-soluble plastoquinones in the
thylakoids to move over a wide range of temperatures. Fatty
acid desaturases change saturated fatty acids to unsaturated ones
when plants are exposed to lower temperatures, while saturases,
which catalyze the reverse reaction, have not yet been identiﬁed.
Polyunsaturated fatty acids become a target for lipid peroxida-
tion, which may cause damage to proteins and induce irreversible
aggregation or the cross-linking of proteins. Cross-linking is also
expected with thylakoid lipids, which may affect the ﬂuidity of
thylakoid membranes, and therefore mobility of the membrane
components.
Frontiers in Plant Science | Plant Physiology October 2013 | Volume 4 | Article 433 | 6
“fpls-04-00433” — 2013/10/27 — 17:27 — page 7 — #7
Yamamoto et al. Excessive light-induced protein aggregation
As membrane ﬂuidity determines the lateral diffusion of lipids
and proteins on the thylakoid membranes, the measurement of
ﬂuidity is an important but difﬁcult task. Thus far, three meth-
ods have been successfully employed for the study of thylakoid
membrane ﬂuidity: ﬂuorescence recovery after photobleaching
(FRAP; Sarcina et al., 2003, 2006; Goral et al., 2010, 2011; John-
son et al., 2011; Herbstova et al., 2012; Kirchhoff et al., 2013),
electron paramagnetic resonance (Tardy and Havaux, 1997; Kota
et al., 2002), and ﬂuorescence polarization measurement with
a suitable ﬂuorescence probe such as DPH (Yamamoto et al.,
1981; Ford and Barber, 1983). Following FRAP measurements,
cyanobacterial thylakoids and chloroplast grana thylakoids were
shown to be relatively immobile, being limited in the lateral
movement of supermolecular complexes (Sarcina et al., 2003;
Herbstova et al., 2012). In particular the grana are highly crowded
with PSII/LHCII complexes and it is apparently not easy for the
PSII/LHCII supermolecular complexes to move around freely in
these areas (Kirchhoff et al., 2008a). Indeed, only a small fraction
of the membrane areas in the grana is mobile and the diffusion
constants of the molecules in the mobile areas were experimen-
tally determined to be small. Importantly, strong illumination
increasedmembrane ﬂuidity in cyanobacterial thylakoids (Sarcina
et al., 2006) and in the grana of higher plant chloroplasts (Herb-
stova et al., 2012), thereby inducing mobilization of the PSII
complexes.
These and other related studies have opened a new research
area investigating light stress in terms of changes in the molecular
arrangement of thylakoids, where the roles of LHCII aggregation
in the qE process of NPQ and D1 protein and CP43 aggregation
in photoinhibition are reevaluated. It should be noted here that
all the methods described above to measure membrane ﬂuidity
are useful to monitor overall ﬂuidity change in thylakoid mem-
branes. However, they are not suitable to monitor speciﬁc changes
in local membrane ﬂuidity, in particular around the PSII/LHCII
supercomplexes, under light stress. In spite of these difﬁculties,
we monitored changes in thylakoid ﬂuidity with the ﬂuorescence
polarization of DPH.We detected an increase in membrane ﬂuid-
ity under moderate light stress and a decrease under severe light
stress (Figure 2).
The molecular mechanisms of increased membrane ﬂuid-
ity under moderate light stress are not fully understood, but
there are several possibilities. Protein phosphorylation is known
to be a driving force for the lateral movement of LHCII in
thylakoid membranes (Allen, 1992, 2003). Under moderately
high light conditions, light-induced phosphorylation of pro-
teins takes place, which drives the lateral diffusion of PSII and
LHCII complexes in the grana. This idea is supported by the
study of thylakoid kinase mutants by Bonardi et al. (2005), in
which no structural alteration occurred in the thylakoid kinase
mutants stn8 or the double mutant stn7/8 of Arabidopsis thaliana
(Herbstova et al., 2012). Many proteins are phosphorylated in
the thylakoid membranes depending on different environmental
conditions (Vener, 2007). Previously, degradation and aggre-
gation of the D1 protein in spinach grana thylakoids under
moderate heat stress were shown to be affected by protein phos-
phorylation and dephosphorylation (Komayama et al., 2007).
Subsequently, this was studied more extensively using stn7, stn8,
and stn7/8 A. thaliana mutants under high light stress, when it
was demonstrated that not only degradation and aggregation of
the D1 protein but also the overall structure of the thylakoid
membranes is regulated by the reversible phosphorylation of
thylakoid proteins (Fristedt et al., 2009). Thus, it is likely that
protein phosphorylation plays an important role in the dynamics
of thylakoids in higher plant chloroplasts. Indeed, mobiliza-
tion of thylakoid proteins under moderate light stress increased
qE of NPQ and even transiently activated PSII in the present
study (Figure 3).
STRUCTURAL CHANGES OF THYLAKOIDS
Structural changes of the thylakoids under light stress are impor-
tant in the quality control of PSII. We observed outward bending
of the thylakoids at themargins of the grana under relatively strong
illumination (Figure 4). The mechanism of the partial unstacking
of the thylakoids remains to be determined, although, as described
above, protein phosphorylation and dephosphorylation may be
involved in this process. Recently, CURVATURE THYLAKOID
1 (CURT1) proteins responsible for the induction of membrane
curvature were identiﬁed in A. thaliana (Armbruster et al., 2013),
and it would be interesting to determine the effect of light stress
on their function. These proteins are enriched at grana margins
and are suggested to modify the thylakoid architecture, including
grana stacking. Rearrangement of protein complexes in the grana
may play crucial roles in grana stacking/unstacking.
We postulate that the outward bending and partial unstacking
of the thylakoids can be physiologically explained as follows. First,
the outward bending and partial unstacking of the grana would
increase the area of the grana margins, which would aid degrada-
tion of photo-damaged D1 protein by speciﬁc protease(s). FtsH
proteases are one candidate for the removal of photodamaged and
heat-damaged D1 protein in the thylakoid (Kamata et al., 2005;
Komenda et al., 2006; Yoshioka et al., 2006), and the grana mar-
gins are the sites of FtsH protease assembly prior to hexameric
protease activation and reaction with damaged D1 protein in PSII
that hasmoved from the grana core (Yoshioka et al., 2010). Increase
in the area of the grana margins is necessary for the swift repair
of damaged D1 proteins. Second, partial unstacking may prevent
the production of ROS in the grana by stimulating the free move-
ment of PSII and LHCII complexes. The mobilization of PSII and
LHCII complexes should prevent the irreversible aggregation of
the complexes and production of ROS from the impaired PSII
in the aggregates. Indeed, previous work showed that thylakoid
stacking artiﬁcially induced by the addition of MgCl2 stimulates
production of hydroxyl radicals under light stress (Khatoon et al.,
2009). Thus, the partial membrane unstacking observed under
light stress appears to be a dynamic way of controlling the quality
of PSII.
CONCLUSION
Reversible and irreversible aggregation of LHCII and PSII com-
plexes under moderate and strong light stresses appear to be
closely related to the qE component of NPQ and the photoin-
hibition of PSII, respectively. Although protein aggregation is a
subtle phenomenon observed under light stress, it plays a crucial
role in the quality control of PSII. It may also be related to the
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microscopic rearrangement of PSII/LHCII super complexes in the
thylakoids and to thylakoid unstacking under light stress, although
further studies are required to fully understand the details of these
processes.
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